INTRODUCTION
A fundamental concept in the literature on vertebrate motor control is the motorpool: those motor neurons that collectively innervate and control an individual muscle. The organization of vertebrate motorpools has been studied extensively and is now, in many respects, well understood (Henneman and Mendell, 1981) . Figure 1 illustrates the view of motorpool structure that has emerged from studies of many vertebrate groups. Although exceptions to this pattern have been documented, particularly among anamniotes {e.g., Ono, 1983; Bone, 1989) , the prevailing concept of vertebrate motorpools holds that: (1) muscles are supplied by a single, spatially homogeneous cluster of motor neurons; (2) cells composing the motorpool tend to be morphologically similar, and any differences between motor neurons within a pool (such as in size) are related to the muscle fiber type being innervated; and (3) afferents to different elements of the motorpool tend to be qualitatively similar.
The work on which this view is based was done primarily on the limbs. Recently, however, a number of laboratories have 1 From the Symposium on Axial Movement Systems: Biomechanics and Neural Control presented at the Annual Meeting of the American Society of Zoologists, 27-30 December 1986, at Nashville, Tennessee. begun to investigate the motor innervation of axial musculature, and results from these studies suggest that the motorpool organization of axial muscles often differs from that of the limbs. This paper summarizes these data. It is divided into three parts. I first describe the motorpool organization of neck muscles in a cryptodyran turtle, Pseudemys scripta; this section illustrates two ways in which some axial motorpools may differ from the condition depicted in Figure 1. In the remaining two sections I examine each of these phenomena in more detail. I describe their occurrence in other axial movement systems and seek common themes which may aid our understanding of these innervation patterns.
TURTLE NECK MUSCLES
Turtle neck muscles can be divided into two groups based on their motorpool structure Yeow and Peterson, 1986a, b) . Motorpools of the first group are very similar to those of limb muscles (Fig. 1) . In contrast, a subset of Pseudemys cervical muscles have an unusual motorpool structure in that they are innervated by two groups of motor neurons which are spatially disjunct (Fig. 2) . One group occupies the ventral tip of the ventral horn; the other lies at the dorsomedial grey/white border. We have named these cells for their position: Ventral and Medial motor neurons. The existence of two subdivisions within a single motorpool raises the question of whether they are functionally distinct. Might Ventral and Medial cells simply represent similar parts of a diffusely organized motorpool? We have recently begun to investigate this question, and our data suggest that Ventral and Medial motor neurons differ in a number of ways that are likely to have functional significance.
One obvious difference between Ventral and Medial motor neurons is in their soma size. As a group, Medial cells are significantly larger than Ventral cells (Yeow and Peterson, 19866) . Examination of Ventral and Medial cells supplying the same muscle (data for m. retrahens capitis collique, the chief head retractor muscle in cryptddyran turtles; reveals that Ventral motor neurons exhibit a broad soma size spectrum including both large and small profiles, whereas Medial cells are generally large. Medial cells are, however, generally no larger than the largest Ventral cells; instead, there is almost complete overlap of these two motor neuron populations at the large end of the size spectrum . Since motor neuron size scales with muscle fiber type in turtle (Peterson, unpublished) and mammalian Callister et al., 1987) neck muscles, as it does in the limbs (Burke et al., 1982) , these data suggest that both Ventral and Medial cells may innervate fast twitch fibers in turtle neck muscles (Callister et al., , 1989 , while slow muscle fibers are most likely supplied by Ventral cells alone. Thus FIG 2. Schematic representation of a different type of motorpool organization that can be found in axial movement systems. The motorpool consists of two populations of motor neurons that are spatially and morphologically distinct. The morphological differences suggest that these two motor neuron populations may be under different patterns of synaptic drive. Note afferents to dorsomedial cells in medial funiculus and contralateral spinal cord; ventrolateral cells are unlikely to be contacted by these axonal systems. Of the two motor neuron populations, dorsomedial cells are the more homogeneous in size suggesting that they supply a relatively restricted range of fiber types. Here, dorsomedial neurons are large; in cats, cells in this location are relatively small.
Medial motor neurons appear to be more specialized than Ventral cells in terms of the muscle fiber types they innervate.
Perhaps the most dramatic difference between Ventral and Medial motor neurons is in their dendritic architecture Yeow and Peterson, 19866; Fig. 2) . The orientation of Ventral cell dendrites is essentially radial although they extend preferentially into the ipsilateral lateral funiculus. In contrast, Medial motor neurons supplying the same muscle have two dendritic systems which are either absent or poorly developed in Ventral cells. (1) Much of the dendritic volume of Medial cells is taken up by a striking system of medially projecting processes. These dendrites cross the midline and pass through the contralateral ventral horn, intermingling with similar processes from contralateral Medial cells, and typically passing through the region occupied by contralateral Medial cell somata. They then pass into the contralateral lateral funiculus, emitting finely beaded appendages along their trajectory, and often extend as far as the contralateral pial surface. (2) Medial cells also have a number of longitudinally oriented processes that run along the medial aspect of the grey matter, intersecting longitudinal process of other Medial cells on the same side. These two dendritic systems, respectively, provide a potential substrate for interactions between contralateral and ipsilateral Medial motor neurons supplying the same muscle .
If dendrites act as a receptive surface for Ventral and Medial cells as they do for other motor neurons, then our data suggest that these two motor neuron groups may be under different patterns of synaptic drive. We infer this for two reasons. First, axons descending in the medial and lateral funiculi are known to be functionally distinct (Kuypers, 1981) . Ventral motor neurons presumably receive the bulk of their descending input from fibers travelling in the lateral funiculus. In contrast, our electron microscopy studies indicate that Medial cell dendrites receive numerous synapses as they traverse the medial funiculus, inputs to which Ventral motor neurons presumably have little or no access (Yeow and Peterson, 1985) . A second unique source of inputs to Medial motor neurons must surely be the contralateral spinal cord, including the contralateral lateral funiculus. Thus differences in their dendritic architecture suggest that the activity of Ventral and Medial cells supplying the same muscle may be modulated by somewhat different afferent systems.
The data described in this section illustrate two unusual features of motorpool organization that may occur in axial movement systems. (1) Some cervical muscles are supplied by a morphologically atypical population of motor neurons that have the bulk of their receptive surface positioned in the contralateral spinal cord. (2) These same cervical muscles are also innervated by a second population of more "conventional" motor neurons (Fig. 2) ; thus some turtle neck muscles are driven in parallel by two effector channels that are spatially disjunct and probably functionally distinct. One or both of these unusual motorpool features are shared by axial movement systems in other vertebrates, and in the following sections I consider each of these phenomena in turn. First, I review the occurrence of Mediallike motor neurons in vertebrate axial motorpools and attempt to formulate some testable hypotheses about their role in axial movement. Following that I draw some comparisons between the two motor neuron populations innervating turtle neck muscles and a similar system in teleost fish, and I ask why single muscles or myotomes should sometimes be driven by two parallel effector channels.
MEDIAL AND MEDIAL-LIKE MOTOR NEURONS IN AXIAL MOTORPOOLS
Motor neurons resembling turtle Medial cells are widespread among vertebrate motorpools.
2 By "Medial-like" I understand motor neurons with (typically) dorsomedial somata and a well developed system of contralateral dendrites. They may or may not also have longitudinally oriented, ipsilateral processes (typically data on this question are unavailable), and their cell bodies may be either large or small. So far such motor neurons have only been documented unequivocally in motorpools of axial and midline cranial muscles, or in regions of the spinal cord that are thought to supply neck, trunk, or tail musculature. Thus Medial-like motor neurons appear to be preferentially associated with axial movement systems.
3 Their contralateral dendrites suggest that these motor neurons are somehow involved in coordination of muscle contraction on opposite sides of the body midline but, beyond this, little 2 Spinal neurons with Medial-like morphology have been known since the time of Cajal, primarily on the basis of Golgi studies (review: Yeow and Peterson, 19866) . In this paper I have restricted my comments to more recent experimental work that links Mediallike cells with specific muscle groups or provides some insight into their functional role.
3 Scheibel and Scheibel (1973) have described motor neuron dendritic bundles in the ventral commissure of kitten cervical and lumbosacral cord (presumably from contralaterally projecting dendrites), but the muscles supplied by these motor neurons are not known. There is in principle no reason why limbs might not be innervated by Medial-like cells. Indeed, a recent report suggests that certain lower limb muscles in axolotls are supplied by lateral column motor neurons and a few (typically less than 5/c of total motor neurons) small diameter dorsomedial cells (Stephens and Holder, 1985) . The dendritic morphology of these dorsomedial profiles is not known, thus it is unclear whether they should be considered Mediallike motor neurons.
is known about the precise nature of this coordination, its underlying mechanisms, and its role in the behaving organism. Nevertheless the widespread distribution of motor neurons with a "Medial-like" morphology suggests that these cells may represent a solution to a common problem of axial motor control.
In this section I review recent experimental evidence for Medial and Mediallike motor neurons in axial motorpools including some limited data on their function. The latter evidence is fragmentary and often indirect; nevertheless it is sufficient to allow formulation of hypotheses regarding the role of Medial and Mediallike motor neurons in axial muscle control. These hypotheses are outlined at the end of this section.
Turtle neck muscles
We have recently suggested that Medial motor neurons play a specialized role in the control of turtle head movement geometry (Yeow and Peterson, 19866) , specifically, that Medial motor neurons are organized to produce bilaterally synchronous muscle contraction in a subset of turtle cervical muscles {i.e., those that are dually innervated; Fig. 2 ). Our model is based on two lines of evidence: the specialized dendritic morphology of Medial motor neurons, and the preferential association of Medial cells with muscles acting on caudal cervical vertebrae.
(1) Contralateral dendrites provide a substrate by which the activity of left and right Medial motor neurons may be coupled. At least three potential mechanisms are suggested by the known anatomy of this system, (a) Afferents on one side of the spinal cord may contact ipsilateral motor neurons and motor neurons on the opposite side via their contralateral dendrites. (b) Contralateral dendrites of Medial cells on left and right sides intermingle as they cross the midline, and dorsal root afferents bearing varicosities (putative synaptic contacts) traverse these dendritic "bridges" (Peterson, unpublished) . Such afferents are well positioned to activate left and right Medial cell dendrites simultaneously, (c) Medial motor neurons may be electrically or chemically coupled to the somata or dendrites of Medial cells on the opposite side via their contralateral dendrites. Such coupling has been demonstrated for Medial-like motor neurons in frog lumbar spinal cord (cf. below). This would be consistent with our observation that the trajectory of medially projecting dendrites typically brings them into apposition with contralateral Medial cell dendrites and somata.
(2) Studies of cervical joint morphology and muscle attachments in cryptodyran turtles suggest that, for purposes of understanding the production of head movements, the cervical complex can be divided into two parts (Yeow and Peterson, 19866) . The rostral neck preferentially mediates lateral and rotational head movements. In contrast, the morphology of caudal (C5-C8) central articulations and their associated musculature suggests that movements in this region of the vertebral column will tend to be restricted to the mid-sagittal plane, i.e., retraction or protraction. Thus rostral and caudal parts of the neck are responsible for separate components of the turtle's head movement repertoire. Examination of cervical motorpool structure suggests that this bipartite division of the cervical musculoskeletal system is also reflected in its innervation. Specifically, muscles acting on the head and rostral vertebrae are supplied by spatially and morphologically homogeneous motorpools similar to those in Figure 1 . In contrast, muscles acting primarily on the caudal vertebrae (i.e., mediating head protraction and retraction) are supplied by both Ventral and Medial motor nuclei (Fig. 2) . Thus Medial motor neurons are preferentially associated with movements of the caudal neck. This is consistent with our observation that Medial cells are significantly more numerous in caudal than in rostral cervical cord (Yeow and Peterson, 19866) . Muscles acting on the caudal vertebrae differ widely in their attachments, architecture, and histochemical characteristics. What these muscles appear to have in common is that, to do their job effectively (protraction/ retraction), they must produce head and neck movements which are restricted to the mid-sagittal plane with no wasted lateral motion, and to accomplish this they must contract synchronously on both sides of the midline. Thus both their morphology and the actions of the muscles they innervate suggest that these motor neurons may be specialized for producing bilaterally synchronous muscle contraction.
Perineal muscles in rats
In rats and mice, genital reflexes are controlled by two striated perineal muscles: bulbocavernosus and ischiocavernosus. These muscles are innervated by two motor nuclei in the lumbar spinal cord (L5-L6; cf. review in Breedlove, 1986) . Ischiocavernosus is supplied by motor neurons (with radially disposed, ipsilateral dendrites) in the Dorsolateral nucleus (DL); bulbocavernosus receives some input from Dorsolateral nuclear cells but is innervated primarily by the Dorsomedial (DM) motor nucleus. Rat DM motor neurons resemble Medial cells in turtle cervical cord in at least four ways ( Fig. 2 ; Schroder, 1980; Rose and Collins, 1985; McKenna and Nadelhaft, 1986) . (1) They have medium to large somata and probably innervate fast twitch muscle fibers. (2) Ipsilateral DM cells are interconnected by a system of longitudinal dendrites that provide a potential substrate for interactions between ipsilateral DM cells. (3) Medially directed dendrites of DM motor neurons cross the midline and appear (at the light microscope level) to contact dendrites and somata of contralateral DM motor neurons. Finally, (4) DM motor neurons occur in clusters, and clusters on right and left sides tend to be in register so that their medially directed dendrites form thick bundles as they traverse the medial funiculi. Such dendrites thus form a potential substrate for bilateral interactions between DM motor neurons (Rose and Collins, 1985) .
The DM nucleus in rats is sexually dimorphic (Breedlove, 1986) : it is present in both sexes at birth but is much reduced in cell size and number in females at sexual maturity, apparently because DM motor neurons in females (like their target muscles) degenerate. This degeneration can be prevented by perinatal administration of androgens. Recent evidence also suggests that DM motor neurons supplying the bulbocavernosus muscle first differentiate laterally (in the region of the Dorsolateral nucleus), then migrate medially and extend their dendrites under the influence of perinatal androgens. Thus the DM nucleus is a specialized subdivision of rat bulbocavernosus motorpool 4 that is preferentially associated with sexually mature males (Breedlove, 1986) .
Copulatory behavior involving DM motor neurons has been studied in some detail. In rats penile muscles bulbocavernosus and ichiocavernosus mediate specific copulatory reflexes (Sachs, 1982 (Sachs, , 1983 Hart and Melese-d'Hospital, 1983; Wallach and Hart, 1983) . Ischiocavernosus anteroflexes ("flips") the penis prior to intromission, and its removal significantly decreases the incidence of successful penetrations. The role of bulbocavernosus is more complex: it is thought to aid in propulsion of semen or the seminal plug during ejaculation by compressing the urethral diverticulum (housed inside the penile bulb), and it is also necessary for normal "cup" formation by the glans penis during erections. Cup formation, in turn, plays two roles during copulation. In multi-male breeding encounters, cup formation and associated penile spine protrusion (O'Hanlon and Sachs, 1986) allows loosening and removal of the seminal plug left by an earlier male (acting-together with the explosive dismounts that follow each pre-ejac- 4 In those vertebrates for which data exist, the motor nucleus supplying perineal muscles bulbocavernosus and ischiocavernosus (OnuPs nucleus) can be divided into dorsomedial and ventrolateral subdivisions both of which are typically located ventrally in the grey matter (Schroder, 1981 : Roppolo <>/«/., 1985 . In rats and certain other rodents, however, some cells of the dorsomedial subdivision migrate to the dorsomedial grey-white border and extend dendrites contralaterally. These cells are thus relatively derived in comparison with other perineal motor neurons in rats (DL cells) and with perineal motor neurons in many other vertebrates. It would be useful to have a careful analysis of the incidence of this unusual motor neuron population in the context of reproductive ecology/ mechanics, e.g., among rodents, many of which exhibit some degree of "cup formation" and seminal plug deposition during copulation (cf. below; Dewsbury, 1981; Sachs, 1983) . ulatory intromission-like a "miniature toilet bowl plunger"; Wallach and Hart, 1983) , while it aids in fixing the male's own seminal plug tightly against the neck of the cervix. Since sperm transport is disrupted Adler, 1977, 1978) and the probability of fertilization is significantly reduced (Sachs, 1982) if the plug is disrupted within 6 min of a copulatory encounter, effective cup formation by bulbocavernosus muscle (and thus DM motor neuron) action would appear to be critical for male rat breeding success.
The specific role of bulbocavernosus motor neurons (DM cells) in organizing rat penile reflexes is not clear; however, the mechanical demands of successful copulation would appear to require forceful and symmetrical 5 contraction of bulbocavernosus to propel blood from the penile bulb into the glans for cup formation and forcefully to expel the contents of the urethral diverticulum. Interestingly, EMG recordings from bulbocavernosus during ex copula erections with cup formation (but not during less intense erection bouts) are accompanied by high amplitude spikes, suggesting synchronous firing of motor units on the same side (Hart and Melesed'Hospital, 1983) . As yet there are no quantitative data on possible bilateral motor unit synchronization, but observation suggests that left and right sides of bulbocavernosus contract simultaneously during ex copula penile reflexes (Sachs, personal communication) . The longitudinal and contralateral dendrites of DM cells may provide a potential morphological substrate for these synchronous patterns of bulbocavernosus recruitment. Unfortu-5 Bulbocavernosus envelops the penile bulb (of the corpus spongiosum) and urethral diverticulum. Distal to this the body of the corpus spongiosum and the urethra form high resistance pathways through which blood and semen, respectively, must be propelled (from the bulb and diverticulum) during cup formation and ejaculation. This is accomplished in part by bulbocavernosus contraction. Asynchronous bulbocavernosus activity would momentarily create a low resistance region in the urethral diverticulum and bulb (i.e., the region subjacent to any uncontracted portion of bulbocavernosus). Blood and semen would tend to flow into this low resistance pathway rather than being propelled distally during copulation/ejaculation (cf. Figs. 1 and 2 in Hart and Melese-d'Hospital, 1983). nately there is no direct evidence for or against synaptic coupling between rat DM motor neurons.
Lumbar muscles in frogs
We know much more about the coupling characteristics of frog lumbar motor neurons. Infiltration of caudal ventral roots with HRP reveals that in segments 6-8, motor neurons are of two morphological types (Fig. 2): (1) ventrolaterally located cells with radially projecting dendrites which typically do not cross the midline, and (2) medial profiles with a well developed contralateral dendritic system {i.e., Medial-like motor neurons; Erulkar and Soller, 1980) . The latter processes cross in the anterior white commissure and often extend into the contralateral motor nucleus. Here they enter into "dendritic thickets," or form "causal appositions" (18-20 nm gap) with dendrites and somata of presumptive contralateral motor neurons. Ventral root stimulation at these segmental levels (with dorsal roots cut to eliminate afferent stimulation of motor neurons) generates both short and long latency responses in contralateral ventral roots and corresponding synaptic potentials in contralateral motor neurons. The long latency responses are abolished in Ca ++ free solution, but the shorter latency potentials are unaffected, suggesting that the long (but not the short) latency responses are mediated by chemical synaptic transmission. Both types of responses are abolished by midline transection of the anterior commissure. The authors interpret their results to mean that there is both chemical and electrical coupling between contralateral motor neurons in frog lumbar spinal cord and that these interactions are mediated via the contralateral dendritic system of the medial motor neurons (Erulkar and Soller, 1980) . The muscles supplied by contralaterally coupled motor neurons in segments 6-8 are not known, but presumably they are lower axial or limb girdle muscles since the limb enlargement in frogs begins in caudal segment 8 (Cruce, 1974) , and Medial-like cells in frogs are rare below the eighth segment (Erulkar and Soller, 1980) . Since these motor neurons tend to be large (Erulkar, personal communication), it is likely but not certain that they supply fast twitch muscle fibers. One attractive possibility is that motor neurons at this level supply muscles of the ilio-sacral articulation. These lower axial muscles are active during locomotion in frogs; during walking, right and left muscles fire in an alternating pattern, but during a jump contralateral pairs fire synchronously to align the anterior body parallel to the direction of propulsive force (Emerson and de Jongh, 1980) . The same muscles are thought to mediate the explosive ilio-sacral extension that occurs during emesis in anurans (Naitoh et al., 1989) . Interestingly, midline (but not lateral) stimulation of the spinal cord just above the lower limb enlargement results in contraction of one of these ilio-sacral muscles, longissimus dorsi (Silver, 1942) . Thus certain caudal axial muscles in frogs are supplied by Medial-like motor neurons that are electrically and chemically coupled to corresponding motor neurons on the opposite side, and there is indirect evidence that these muscles may be the iliosacral group that is synchronously active during some locomotor maneuvers and during vomiting.
Epaxial muscles in snakes
The complex axial musculature of snakes is used in orientation, locomotion and foodgathering. Recent work (Fetcho, 19866 and personal communication) suggests that in the colubrid Nerodia fasciata a subset of these muscles-the epaxial semispinalisspinalis complex-is innervated by dorsomedial motor neurons with contralaterally projecting dendrites. Hypaxial muscles and other epaxial muscles are supplied by lateral motor neurons that do not bear contralateral dendrites. Subsequent electromyographic and cinematographic studies of epaxial locomotor mechanisms in AVrodia and other colubrids indicates that the semispinalis-spinalis complex exhibits a unique recruitment pattern (Jayne, 1988a, b) . During sidewinding (but not during undulatory or concertina modes of locomotion) it bursts synchronously on right and left sides as the vertebrae are accelerated vertically. 7 Other epaxial muscles for which motorpool data exist (longissimus dorsi, ilio-costalis) tend to be active unilaterally during all modes of locomotion. Thus colubrid epaxial muscles that exhibit bilateral synchrony during normal locomotion are innervated by motor neurons with Medial-like morphology.
Neck muscles in cats
Certain neck muscles in cats are supplied by more than one motor nucleus. Suboccipital muscles and the longitudinal dorsal muscles Splenius (SP), Biventer Cervicis (BC), and Complexus (COM) are innervated by motor neurons of the Ventromedial nucleus (Rexed, 1954) in the tip of the ventral horn and by more dorsal cells at the medial grey/white margin (among others; Richmond et al., 1978; Abrahams and Keane, 1984; Bakker et al., 1984) . Intracellular HRP injections of identified BC, COM, and SP ventromedial motor neurons indicate that they have a "limblike" morphology ( Fig. 1) with dendrites largely confined to the ipsilateral spinal cord (!.<?., "Ventral-like"; Rose, 1981; Keirstead and Rose, 1983) . The morphology of dorsomedial cells supplying these muscles is less clear, but two unidentified dorsomedial motor neurons at appropriate segmental levels have been filled, and these had dendrites which cross the midline and extend into the dorsomedial region of the 7 In sidewinding the snake advances by lifting its head and successively posterior body regions-in effect "pushing off" against more caudal regions-and then returning head and successive portions of the body to the substrate at a point slightly further along the direction of progression (Edwards, 1985) . As Gray (1946) has pointed out, "the key to sidewinding lies in the ability of the snake to transfer its weight to the segments in contact with the substrate, which in turn depends on the action of the dorsoventral musculature" (Edwards, 1985, p. 169). contralateral grey matter (Rose and Richmond, 1981) . The available data thus suggest that ventral and dorsomedial cells supplying the same muscle may have different dendritic structures, as in turtles, but the evidence is not direct. An important difference from turtles (and the other axial systems described above) is that the soma size of cat dorsomedial cells is relatively small, i.e., dorsomedial cell size is either similar to (Bakker et al., 1984) , or at the small end of the size range (Abrahams and Keane, 1984) of ventromedial motor neurons supplying the same muscle. Indeed, these size data have led Abrahams and Keane (1984) to suggest that dorsomedial cells may represent a spatially isolated population of gamma motor neurons (cf. Yeow and Peterson [19866] for a contrary view). Thus it is unclear to what extent the motorpool organization of cat dorsal neck muscles parallels that of Pseudemys. Interestingly, however, recent electromyographic studies indicate that during slow, unopposed lifting movements of the head, motor unit firing in these muscles shows bilateral synchronization (Loeb and Richmond, 1986; Loeb et al, 1987) . The mechanisms underlying this synchronization are unknown, but motor unit coupling via contralateral processes of dorsomedial (Mediallike) motor neurons is an obvious possibility.
An hypothesis
Motor neurons with a "Medial-like" morphology have been reported in a number of axial motorpools. In addition to those described above, there are brief reports of such cells in cat coccygeal cord (Light and Metz, 1978) , chick thoracic region (Smith and Hollyday, 1983) , rostral cervical spinal cord of salamanders (Wake et al., 1988) and the hypoglossal motor nucleus of several vertebrates (reviewed in Szekely and Matesz, 1988) , and it seems likely that their apparent incidence will increase along with our data base on axial motorpools. Thus it may be useful to formulate a set of hypotheses regarding the role of Medial-like motor neurons in axial movement control. These hypotheses have the advantage of being testable with currently available tech- Top. Force profile of two motor neuron populations which differ only in that one has synaptically coupled motor neurons and the other does not. Areas under the curves are the same. The afferent volley which excites the motorpool is assumed to be the same. Coupling yields a relatively leptokurtic curve: the rate of force buildup and decay is shorter and peak amplitude is higher for coupled motor neurons. Since force is proportional to acceleration for a given mass, coupling produces relatively rapid acceleration of the load. These curves can be integrated to give the resulting velocity of the load (middle curves). Middle. Load velocity for coupled and uncoupled motor neuron populations. Note that peak velocity is attained more rapidly when motor neurons are coupled. These curves can be integrated to give position of the load as a function of time (bottom curves). Bottom. Load displacement following activation of coupled and uncoupled motor neuron populations. At any given moment after time zero (beginning of contraction) the load has moved farther in the coupled condition.
niques and, indeed, they have already been tested in isolated cases. The model can be summarized as follows. Medial-like motor neurons represent a solution to a common problem in axial muscle control, i.e., the need for precise temporal matching of force production on both sides of the body midline. This is accomplished by bilateral synchronization of motor unit activity. The general statement can be broken down into four hypotheses.
(1) There is bilateral coupling between Medial-like motor neurons. This coupling may be mediated by electrical or chemical synapses between motor neurons, or both. Such coupling has already been demonstrated in frog lumbar cord (Erulkar and Soller, 1980) .
(2) The substrate for bilateral coupling is the contralaterally projecting dendritic system of Medial-like motor neurons. This appears to be the case in frog lumbar cord (Erulkar and Soller, 1980; Silver, 1942) .
(3) This coupling serves to synchronize motor unit activity on both sides of the body midline. There is indirect evidence to this effect in frogs (Erulkar and Soller, 1980) and cat upper cervical cord (Loeb and Richmond, 1986; Loeb et al., 1987) . Where Medial-like cells are also coupled to each other ipsilaterally (via longitudinal dendrites), the net result of ipsilateral plus contralateral coupling may be global, bilaterally synchronized activity of an entire motor unit population.
(4) Synchronized motor unit activity leads to a force/time profile with higher amplitude and shorter rise time than for comparable motor units more conventionally recruited (Fig. 3) . This should result in more rapid acceleration, faster displacement, and greater kinetic energy in the accelerated load (head, trunk, blood/ semen; Fig. 3 ). Such synchronizing, electrotonic coupling between motor neurons has been shown to mediate the fast (but not the slow) phase of vestibular nystagmus in teleosts (Korn and Bennett, 1975) .
The hypothesis set outlined above is an extension of our earlier model (Yeow and Peterson, 19866) . It differs from that formulation in that it emphasizes synchronization of motor units (and its sequelae; Fig.   3 ) rather than simple temporal congruity of EMG envelopes on the two sides. Note that for the sake of simplicity I have assumed that the underlying phenomena observed in the axial movement systems described above are essentially similar. However, it is important to keep in mind that our current data on each of these systems are fragmentary, and thus the scheme outlined above may not apply equally well to all. Nevertheless, it seems useful to begin building a model against which individual systems can be tested.
PARALLEL EFFECTOR CHANNELS CONTROLLING AXIAL MUSCULATURE
A second difference between axial and appendicular movement systems is that axial muscles are sometimes supplied both by an unusual dorsomedial population of motor neurons and by a second, more conventional motor neuron group. For example, turtle (Yeow and Peterson, 1986a, b) and cat (Richmond et al., 1978; Abrahams andKeane, 1984; Bakker etai, 1984) neck muscles, and male rat perineal muscles (Breedlove, 1986) are supplied both by dorsomedial motor neurons with specialized contralateral dendrites and by more ventral/lateral profiles with radial, ipsilateral processes ( Fig. 2; we do not know whether the two motor neuron types in frog lumbar segments 6-8 supply the same or different muscles). This raises the question of why single muscles should be supplied by two parallel effector channels which are spatially, and probably functionally, distinct. In this section I attempt to provide some insight into this question by examining the motor innervation of a rather different axial system, i.e., myotomes of aquatic vertebrates. Although in many respects both the muscle fiber organization and innervation of myotomes are unlike the systems described above, I believe that there are also important parallels. Thus it may be instructive to examine this well understood axial movement system.
Myotomal innervation in aquatic vertebrates
In fish and larval amphibians, individual myotomes are supplied by two populations of motor neurons (Fig. 4 ; cf. review in FIG. 4 . Innervation offish myotome by primary and secondary motor neurons. Left. Schematic cross section through teleost spinal cord showing a large, dorsomedial primary motor neuron with axon contacting Mauthner cell axon (m) and a smaller secondary motor neuron ventrolaterally. Secondaries do not receive monosynaptic contact from Mauthner cells. Right. Axon of primary motor neuron innervates very large territory within the myotome whereas the secondary has a much more restricted terminal field. (Redrawn from Westerfield et al., 1986 , with permission.) Fetcho, 1987) . One group, called primary motor neurons because they are born first, have large somata located dorsomedially in the ventral horn; the other group, secondary motor neurons, have smaller somata and are located more ventrolaterally. These two cell types differ in motor unit structure. Primary and secondary motor neurons have overlapping axonal territories within the myotome, but these territories differ in size (and thus the motor units differ in innervation ratios ; Fetcho, 1986; Myers et al., 1986) . In zebrafish, for example, there are three primaries per segment, each with a very large peripheral territory, and collectively these three motor neurons supply the entire myotome. In contrast, axonal territories of secondaries are much smaller and several are encompassed within the field of a single primary . Both anatomical and physiological evidence suggest that in teleost fish, primary motor neurons supply white, fast twitch muscle fibers (Fetcho, 1986a; Westerfield et al., 1986) , whereas secondary motor neurons supply both white and red fiber types (Fetcho, 1986a) . Thus primaries are relatively specialized in terms of the fiber types they supply. Single fiber recordings reveal that individual white muscle fibers in zebrafish are innervated by both primary and secondary motor neurons (Liu and Westerfield, 1988; Westerfield et al., 1986) , suggesting that the parallel effector channels observed in the spinal cord extend peripherally to the level of individual muscle fibers. These differences between primary and secondary motor unit structure suggest that primary motor neurons are specialized for producing global, rapid myotomal contractions whereas secondaries should generate relatively fractionated muscle activity with a more graded force output. A final difference between primary and secondary motor neurons is in their afferents: primaries receive monosynaptic excitation from descending Mauthner cell axons while secondaries probably do not (Myers, 1985; Fetcho and Faber, 1986, 1988; Fetcho, 1987) .
Recent behavioral evidence suggests that these two effector channels are expressed differently in the behaving animal (Fetcho and Faber, 1986; Liu and Westerfield, 1986) . During normal swimming, secondaries supplying red muscle fibers are recruited first followed by secondaries to white muscle as swimming speed increases. Primaries appear to be recruited only at the highest swimming speeds. This recruitment, pattern is consistent with the "size principle" adduced for limb motorpools (Henneman and Mendell, 1981 ). In contrast, during fast starts primaries are recruited first (via monosynaptic contacts from the Mauthner axon), thus bypassing any size related recruitment pattern. These data indicate that there is no one-to-one correspondence between motor neuron and movement type (i.e., primaries-fast starts, secondaries-swimming). Nevertheless, the two effector channels have different recruitment patterns and this, coupled with their different motor unit organization, suggests that they will play different roles in the behaving animal.
Specialized motor neuron systems within axial motorpools
The data summarized above suggest that fish myotomes are innervated by two parallel motor neuron systems which differ in morphology, synaptic inputs, and behavioral role. Primaries appear to be relatively specialized with respect to secondaries. Their high innervation ratios, connection with only one fiber type, and monosynaptic drive by Mauthner cells suggest that they may represent a quasi-dedicated system for producing fast, phasic, and global myotomal contractions.
A similar phenomenon may be operating in tetrapod axial systems supplied by both Medial-and Ventral-like cells such as those described in the preceding section. Mediallike motor neurons have a highly specialized dendritic morphology and apparent pattern of synaptic interactions (with contralateral motor neurons) compared with more ventral/lateral motor neurons supplying the same muscle and with limb and other axial motor neurons. Furthermore, soma size data in both turtles Yeow and Peterson, 1986a, b) and cats (Abrahams and Keane, 1984) suggest that, in muscles with both fast and slow fibers, Medial-like cells supply a more restricted range of fiber types than Ventral-like cells supplying the same muscle. It is unclear at present whether Medial-like motor neurons play a specialized role in recruiting axial musculature, but their unusual dendritic architecture suggests that they are likely to do so. Specific suggestions for this role were outlined in the preceding section.
Although the behavioral outputs of the fish (Fig. 4) and tetrapod (Fig. 2 ) neuromuscular systems described above are very different, nevertheless I believe that they exhibit important organizational parallels. Specifically, the data suggest that these axial muscle systems are innervated by two parallel motor neuron channels, one of which (primaries in aquatic anamniotes, Mediallike motor neurons in tetrapods) may function as a highly specialized subsystem within the motorpool. This parallel innervation appears to provide such axial muscles with both flexible control of timing and force production and a quasi-dedicated mechanism for generating stereotyped motor outputs. SUMMARY We have seen that the motor innervation of axial musculature is often different from that of the limbs. Two patterns of axial motorpool organization are summarized in Figures 2 and 4 ; they are to be compared with the "limb-like" innervation pattern (Fig. 1) . The figures make several points.
(1) Individual axial muscles or myotomes are sometimes supplied by two motor neuron populations which are spatially distinct. (2) Cells composing these two sub-divisions may be very different morphologically-in soma size, dendritic architecture, or both. (3) Afferents to different subdivisions of the motorpool may be qualitatively very different. It is still too early to know how pervasive are these differences between axial and appendicular motorpool organization. Nevertheless, the contrasts are sufficiently great to suggest that there may be significant differences in the rules governing the organization and recruitment of these two movement systems.
